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[57] ~ ABSTRACT

An in situ thermal system is disclosed for enhanced oil
recovery and the like from a subterranean formation.
The system pressurizes the formation with water
whereupon the entire formation is heated to relatively
high temperatures in the absence of gas formation to
significantly decrease the viscosity of substantially all
the crude in the formation and permit recovery thereof.
A down hole, fuel fired radiant tube burner of long
length is provided to achieve the desired heat patterns
within the formation.

16 Claims, 4 Drawing Sheets
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ENHANCED OIL RECOVERY SYSTEM WITH A
RADIANT TUBE HEATER

This invention relates to a system for otl recovery
from a reservoir formation and more particularly to a
down hole, radiant tube heater apparatus, per se and 1n
combination with the system.

The invention is particularly applicable to recovering
oil from a previously drilled well and will be discussed
with particular reference thereto. However, the inven-
tion has broader application and may be applied to the
mining of any subterranean formation which can use
heat within the formation to mine a substance from the
formation. In addition, the heater apparatus wiill be
discussed with reference to a down hole heater for the
oil recovery system disclosed. However, the heater has
broader application and is specifically applicable to
industrial heating, heat treating applications and any
applications involving high temperature heat transfer.

INCORPORATION BY REFERENCE
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The following documents are incorporated herein by '

reference and made a part and parcel hereof for back-
ground purposes and as assistance in the description of
conventional methods and hardware used in the prac-
tice of the present invention: -

1. H. K. van Poolen et al, Fundamentals of Enhanced
Oil Recovery, Pennwell Books, 1980, Tulsa, OK. “Exec-
utive Summary” at pages X-XVI;

2. Stahl U.S. Pat. No. 4,694,907 and Shu Canadian
Patent 1,197,457,

3. Gil U.S. Pat. No. 3,614,986 and Williams U.S. Pat.
No. 4,157,847, and

4. Bark U.S. Pat. No. 3,946,719.

BACKGROUND
A) SYSTEM CONCEPTS

It 1s estimated that the depleted oil reservoirs still
contain well in excess of fifty percent (50%) of the
original oil. The reference work, Fundamentals of En-
hanced Oil Recovery, defines three different types of
processes which enhance oil recovery from subterra-
nean reservoir formations. The processes are classified
as thermal processes, chemical processes and miscible
displacement processes. This invention relates to a ther-
mal process. |

There are three types of thermal processes which
have been commercially practiced in the recovery of oil
from a reservoir formation. The first method is defined
as steam stimulation which is also known as cyclic
steam injection, steam soak or huff-n-puff. In this
method, steam 1is injected into a producing well for
about two to three weeks. Following this, the well 1s
“shut in” for several days and then placed in produc-
tion. The second process 1s the steam flooding process
in which steam is injected into a number of injection
wells while the oil is recovered from adjacent produc-
tion wells. The last method is the “in situ” combustion
method in which the oil reservoir is ignited through an

injection well and continued injection of combustion air

through the injection well drives the flame front propa-
gation away from the injection well towards the pro-
duction well. The propagation of the flame front can be
somewhat controlled by the position of the injection
well and then shifting the injection of combustion air
from one injection well to another, etc.
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All of these processes depend on or are based on the
well-known fact that any heating of the o1l remaining
inside a reservoir decreases its viscosity and improves
mobility of the oil. With increased mobility, additional
oil recovery is possible. However, the commercial pro-
cesses described, while highly practiced, have inherent
defects which prevent full recovery or substantial re-
covery of the oil in the reservoir. In the steam stimula-
tion method, the initial success of the method is quite
good. However, only a relative small volume of the oil
around the injection point will be drained from the
reservoir. The rest of the reservoir is not affected and
productivity decreases rapidly after the second or third
injection try which is completely understandable from
the way that heat is being applied to the reservoir.

In particular, when the steam penetrates the reser-
voir, it follows the path of least resistance and once the
oil in this path is removed, subsequent injections simply
follow the paths established in the initial injection. This
channelling is commonly known as fingering and limits
the effectiveness of the steam stimulation method. The
steam flooding or injection method is somewhat more
effective 1n the use of heat. This results simply because
more of the reservoir 1s exposed to the steam than that
in the steam stimulation method and thus more fingers
arise. Once the fingers are formed, continued injection
of the steam recovers very little if any, additional oil
from he reservoir. Both steam stimulation and steam
flooding methods are limited to wells which are not
significantly deep because hydrostatic pressure must be
lower than the critical steam pressure at 3,208 psig.
Even with shallow wells and the use of the steam flood-
ing method, the steam condenses as it is piped down the
injection casing and once it is physically within the
reservoir, condensation continues. In the process of
condensation, steam generates latent heat increasing the
sensible heat of the surrounding water heating the reser-
voir and reducing the viscosity of the oil. Again, the
large losses in the steam piping are an inherent limita-
tion in the efficient use of the system heat which affects
all steam processes. For purposes of this invention, it is
noted that inherent in the steam flooding process is the
fact that hot water will exist in the reservoir upstream of
the steam front. That is, hot water is produced by the
steam front as it condenses and this hot water will ini-
tially be at the condensation temperature of the steam
but the hot water will cool beiow this temperature as it
gives up its heat to the reservoir formation.

In the in situ combustion process, the heat produced
during combustion leads to an increase in temperature
in the vicinity of the combustion process and in the
formation of gas as a result of the thermal decomposi-
tion of oil. The process results in sudden steep tempera-
ture rises which leads to the thermal breakdown of the
oil and this, in turn, results in reduced recovery and
retention of a major portion of the oil within the reser-
voir in the form of carbon or coke. Again, the process is
not well suited for applications where fingering and
preferred flow paths have been established within the
reservoir during earlier production, i.e. steam flooding
or steam stimulation.

Within the prior art literature, Stahl U.S. Pat. No.
4,694,907 shows the use of hot water pumped through
an injection well and then heated by an electrical down
hole heater to produce steam for steam flooding. An
orifice in the electrical down hole heater is said to com-
pensate for the hydrostatic pressure developed in the
hot water head so that steam can be formed in deep
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wells. Stahl uses an electrical down hole heater to gen-
erate steam and 1s cited to show conventional, electri-
cally powered heaters.

Shu Canadian Patent 1,197,457 illustrates a process in
which steam is initially injected through an injection
well which is shut in until the pressure at the production
well has dropped to a predetermined value. Hot water
or low quality steam is then flooded into the oil reser-
voir and the production from the reservoir continues.
Shu 1s believed pertinent because he shows that the
adverse effects limiting production from the reservoir
attributed to steam formed channels or fingers can be
somewhat overcome by the use of hot water or low
quality steam. However, Shu’s process is obviously
limited because the water or low quality steam injected
into the well can only be heated to a relatively low fixed
temperature, heat losses occur in transmission down the
casing and the low temperature of the water in the
reservoir cannot significantly heat the reservoir forma-
tion. Thus, the Shu process in the first instance is limited
to shallow wells whereat steam can be initially formed
and in the second instance is significantly limited in the
sense that only a limited amount of heat can be inputted
to the reservoir formation and this limits the oil recov-
ery. In addition, Shu equates or teaches that low quality
steam, a medium which can be compressed, can be
interchanged with hot water, which is incompressible.

In a somewhat unrelated area, it is known to mine
sulphur after salt has been removed from capped rock
formations by means of the Frasch process. This pro-
cess consists of heating water under pressure external to
the formation to a temperature of about 325° F. and
then injecting the water into the capped rock of the
dome. The super heated water flows out into the sul-
phur bearing deposit and when the temperature of the
sulphur bearing formation reaches or exceeds the melt-
ing point of the sulphur, liquid sulphur flows to the
bottom of the well whereat a differential pressure ar-
rangement is used to carry off the molten sulphur. In
Williams U.S. Pat. No. 4,157,847, a process is disclosed
where additional water or steam is added to the water
previously injected into the reservoir by means of an
underground jet pump to improve the heat transfer
capabilities of the “spent” previously heated water pres-
ent in the formation. In Gil U.S. Pat. No. 3,614,986, a
down hole electric heater is used for sulphur mining by
the Frasch process at depths in excess of 2,000 feet. Gil’s
down hole heater heats the hot water back to its original
surface temperature to compensate for the casing heat
loss as the water travels from the surface to the sulphur
bearing deposit. The basic concept is to use hot water
heated at the surface and injected into the sulphur for-
mation to liquify that portion of the sulphur which can
be heated by the hot water before the hot water’s heat
1s dissipated. The improvements relate to adding heat to
the hot water previously injected into the formation.
There 1s no heating of the formation.

B) HEATING APPARATUS

Because of the small sizing of the casing or bore diam-
eter of the injection and production wells, down hole
heaters, if used, have heretofore relied on electrical
heating elements inserted into the casing. Whether the
heating elements be resistance heating elements or in-
duction heating elements, the power generating equip-
ment must be capable of generating high heat fluxes.
The space limitations within the casing make it difficult
to position and size electrical heating elements which
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can generate high heat flux uniformly along the casing
lengths. In fact, the heating elements gradually heat the
steam or water travelling along the length of the ele-
ments to higher and higher temperatures until steam is
formed at the discharge point. Thus, down hole heaters
use excessive amounts of electricity to generate high
heating fluxes in applications where heating progresses
to the highest temperature coincident with the dis-
charge point of the steam from the heater.

Fuel fired burners are, from an energy cost analysis,
less expensive than electrical heating arrangements.
However, the size of the well casing coupled with the
requirement that hot water or steam be generated or
boosted at the bottom of the casing while the steam or
water flows therethrough has heretofore precluded
their application as heaters for recovering materials
from subterranean formations.

In an unrelated application, radiant tube burners or
heaters have long been used in industrial heating appli-
cations and have conventionally been powered by elec-
trical heating elements or by fuel fired burners. Electri-
cally heated radiant tubes basically comprise heating
elements within a tube which extend into a furnace or
work zone. The elements radiate heat to the tube and
the tube radiates heat to the work. In high temperature
heating applications such as those involving the melting
of metals and the like, electrically heated radiant tubes
are preferred since the heating elements radiate uniform
heat flux to the tube. Again, the cost of electricity in a
high temperature flux application dictates that fuel fired
burners be used to fire their products of combustion into
a tube which in turn will radiate heat to the work. How-
ever, fuel fired radiant tube heating applications do not
maintain a uniform temperature along the length of the
tube especially at high temperatures where radiated
heat fluxes are especially significant when considering
heat transfers from burner to work. In such application,
the adiabatic temperatures produced by the fuel fired
burner cause a hot spot whereat the heat flux intensity is
greater than that at other areas of the burner. Numerous
schemes have been tried to arrive at uniform distribu-
tion heat patterns, especially at high temperatures from
fuel fired burners. These have met with varying degrees
of success. One such arrangement, funded by Gas Re-
search Institute, uses a tangentially fired burner with
products of combustion from the burner entering a
slotted baffle arrangement to develop high convective
heat transfers in the form of slotted jets. Convective
heat transfer from the slotted jet is then used as a
“boost” to the radiated heat flux from the tangential
burners to heat a mantle to very high temperatures of
2500° F. However, the heat transfer coefficient while
enhanced with this arrangement is fundamentally lim-
ited by the coefficient attributed to the radiation heat
transfer of the tangentially fired burner which is poor.

Also, within the industrial burner art there are numer-
ous fuel fired burner arrangements which, at first
glance, might bear some structural resemblance to the
fuel fired radiant tube heater of the present invention,
but which have entirely different functions and pur-
poses associated with the structure. For example, Bark
U.S. Pat. No. 3,946,719 discloses a burner with longitu-
dinally spaced apertures designed to receive combus-
tion air for cooling certain burner parts to prevent ther-
mal breakdown of the burner.
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SUMMARY OF THE INVENTION

Accordingly, it is one of the principal objects of the
present invention to provide an enhanced system for
recovering oil and the like from subterranean forma-
tions by means of an especially developed heat transfer
concept which uses a down hole heater.

This object along with other objects and features of
the invention is achieved in a method, system and/or
apparatus which may be defined as an in situ arrange-
ment for recovering oil from a subterranean reservoir
formation which has a conventional production well
bore and a conventional injection well bore extending
into the reservoir formation. The reservoir is initially
filled with water such that a predetermined pressure
exists in the reservoir formation. Preferably, this prede-
termined pressure will inherently arise as the result of
the hydrostatic pressure when the system is applied to
deep wells. Alternatively, the water may be pressurized
for shallow wells by external means such as pumps. The
down hole, radiant tube type heater which has been
inserted into the injection bore to a position adjacent
and within the reservoir formation is then ignited. The
heater heats the reservoir formation including the water
and heating of the reservoir formation 1s enhanced by
thermal conductivity of heat flux from the heater
through the water to the formation. Heating of the
entire reservoir formation continues over a period of
time (expressed in terms of months) until the viscosity
of the oil within the formation is reduced to a value
whereat the oil moves freely with the water at which
time the production well is actuated to recover the oil.

In accordance with another specific feature of the
invention, the pressure of the water and the temperature
at which the reservoir formation including the water is
heated are variables but are correlated to one another in
the sense that the heater is controlled to avoid heating
the water to a temperature whereat, for the pressure
exerted on the water, steam will be produced or the oil
in the formation will decompose so that only sensible
and not latent heat will be utilized in the process. At the
same time, the pressure of the water at a minimum value
must be sufficient to force the water to fill or plug the
fingers previously formed in the formation by steam
stimulation or steam flooding methods. More specifi-
cally for shallow wells where the hydrostatic pressure is
sufficient to plug the fingers, heating is controlled so
that no gas is produced either in the water or in the oil
formation. For deep wells where the hydrostatic pres-
sure is sufficient to exceed the steam critical point or for
shallow wells where the water 1s pressurized beyond
the steam critical point, the formation is heated at tem-
peratures which will not produce gas from the oil.

In accordance with another system feature of the
invention, the process and apparatus are ideally suited
to a reservoir formation where a number of production
and injection wells have been drilled so that the entire
reservoir formation can be heated by a plurality of wells
selectively situated about chosen production wells such
that any one injection well can provide heat input to a
plurality of production wells adjacent to the injection
well.

In accordance with yet another specific feature of the
invention, the down hole heaters are of long length and
sized relative to the depth of the formation and radiate
heat uniformly along its length to develop preferred
isothermal patterns throughout the reservoir which
enhance the heating of the reservoir formation.
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In accordance with a still further aspect of the inven-
tion, a control arrangement including temperature sens-
ing mechanisms are provided at discrete locations
within the reservoir formation including the water to
control the heating of the formation in accordance with
the parameters established above.

Yet other specific features of the invention include
moving the water such as by establishing differential
pressure between injection and production wells to
enhance thermal conduction of the heat within the
water and in turn produce more rapid heating of the oil
formation prior to o1l recovery.

A further optional feature of the system is to add
chemicals to the water which are not adversely affected
by the heat and which enhance the displacement of the
oil from the reservoir. |

In accordance with another aspect of the invention, a
fuel fired radiant tube burner is provided which in-
cludes a generally cylindrical heat tube, a second cylin-
drical heat transfer tube concentrically disposed within
the heat tube and defining a longitudinally-extending

~annular exhaust gas passageway therebetween and a
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third cylindrical burner tube concentrically disposed
within the second tube and defining a longitudinally-
extending annular heat distribution passageway there-
between. A burner within the burner tube ignites, com-
busts and burns a source of fuel and air to form heated
products of combustion within the burner tube. All
tubes are closed by a plate at one axial end thereof while
a plate at the opposite axial end of the heat transfer tube
and burner tube make heat distribution passageway a
closed passageway. Apertures and openings are pro-
vided relative to the heat distribution passageway in a
preferred orientation such that the heat tube is uni-
formly heated along its length by the heat transfer tube.
More specifically, the apertures and openings are sized
and positioned and the tube diameters selected to de-
velop a substantially laminar flow of the products of
combustion from the burner within the heat distribution
passageway which modifies the radiation flux emanat-
ing from the burner such that the radiation heat flux
transmitted from the heat transfer tube is effective to
uniformly heat the heat tube along its length.

In accordance with a more specific feature of the -
invention, a plurality of apertures extend through the
burner tube at spaced increments which spacing longi-
tudinally decreases in the direction of the end plate
which is spaced away from the burner. Similarly, the
heat transfer tube has a plurality of spaced openings
which likewise decrease in the longitudinal direction
towards the end plate so that a greater mass of the prod-

ucts of combustion enter and exit the annular heat distri-

bution passageway at positions closer to the end plate
and spaced away from the burner. Importantly, the
radial distance between the heat transfer tube and the
heat tube is maintained at a very small distance and the
circumferential and longitudinal distances between ap-
ertures and openings are spaced at relatively long dis-
tances relative to the size of the opening to establish
relatively long flow paths for the products of combus-
tion which flow at a Reynolds number sufficient to
establish laminar flow conditions within the heat distri-
bution passageways. The laminar flow conditions for
closely spaced plates establish -high convective heat
transfer fluxes which modify the heat radiation flux
emanating from the burner to balance the hot spots
which would otherwise occur by radiation from the
burner within the burner tube.
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It 1s thus an object of the invention to provide an
improved system and method for enhanced oil recovery
from oil reservoir formations previously tapped by
steam injection and/or steam flooding methods.

It 1s another object to the invention to provide an
improved system and/or method for enhanced oil re-
covery from subterranean oil formations which may be
characterized as tar sand formations and/or shale oil
formations and/or whether or not such formations have
been previously mined. |

A broad object of the invention is to provide an im-
proved system for recovering any material from a sub-
terranean formation which can be liquified or made to
flow in a liquified state by the application of heat.

It 1s still yet another object of the invention to pro-
vide an enhanced oil recovery system which provides
any one of the following characteristics or any combi-
nation of the following characteristics:

a) more efficient use of heat than that now employed
and in particular a system which specifically uses
sensible as contrasted to latent heat;

b) a more economical system in the sense that the cost
of the energy to develop the heat used in the oil
recovery 1s less expensive than that now used;

¢) an economical system or method of oil recovery in
that the energy or btu recovered in a barrel of oil
far exceeds the energy or btu required by the sys-
tem to recover the oil and more specifically that
the ratio of the recovered energy to the expended
energy 1s in a very favorable range;

d) a system or method which is able to substantially
recover all the oil in a subterranean oil formation;

e) a system or method which is able to recover oil
from an entire field with one heat application;

f) a system whose efficiency is increased by water
agitation;

g) a system and/or method which can operate with
fuel fired burners;

h) a thermal system and/or method of oil recovery
whose efficiency is enhanced by the addition of
chemicals to the water; and

1) a system and/or method which can be readily ap-
plied to shallow or deep wells. |

In accordance with yet another object of the inven-
tton, an improved radiant tube burner is provided.

In accordance with another object of the invention,
an improved radiant tube burner is provided which can
be used in long lengths as a small diameter cylindrical
down hole burner.

In accordance with still another object of the inven-
tion, a fuel fired radiant tube burner is provided which
maintains a relatively uniform radiation heat flux over
its length.

in accordance with still another object of the inven-
tion, a fuel fired radiant heat tube is provided which
maintains an even temperature distribution about its
length at high elevated temperatures in excess of 2,000°
F.

In accordance with still another object of the inven-
tion, a fuel fired radiant tube burner is provided which
generates uniform heat fluxes over a very wide operat-
Ing range and over very large heat exchange areas.

In accordance with still yet another feature of the
invention, a fuel fired radiant tube burner is provided
which can generate heat fluxes in excess of 25,000
but/hr-ft2.

These and other objects of the present invention will
become apparent to those skilled in the art upon a read-
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8

ing of the detailed description of the invention set forth
below taken together with the drawings which will be
described in the next section.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may take physical form in certain parts
and arrangement of parts, a preferred embodiment of
which will be described in detail and illustrated in the
accompanying drawings which form a part hereof and

wherein: |
FIG. 1 is a schematic elevation view of an oil reser-

voir formation;
FIG. 2 is a schematic representation of an oil drilling

well site;

FIG. 3 1s a graph of viscosity (in centipoise) versus
temperature for any particular fluid;

FIG. 4 1s a graph showing the viscosity of gas-free
crude oils at atmospheric pressure versus oil gravity
expressed in API degrees;

FIG. 5§ 1s a schematic top plan view of the radiant
tube burner of the present invention;

FIG. 6 is a schematic elevation view of the heater of
the radiant tube heater of the present invention taken
generally along line 6—6 of FIG. §;

FIG. 6a 1s a graph indicative of the general heat pro-
file generated along the length of the heater shown in
FIG. 6: and

F1G. 7 1s an expanded view of a portion of the heater
schematically shown in FIG. 6.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

THE SYSTEM

Referring now to the drawings wherein the showings
are for the purpose of illustrating a preferred embodi-
ment of the present invention only and not for the pur-
pose of limiting the same, there is shown in FIG. 1 a
schematic elevational view of a subterranean oil reser-
voir formation indicated by the dimensional arrows 10.
Reservoir formation 10 is sandwiched between soil or
earth extending from the top of reservoir formation 10
to the surface 11 which is generally referred to as over-
burden and indicated by the dimensional arrows 12.
Similarly, the earth extending below reservoir forma-
tion 10 is defined as underburden and is generally indi-
cated by dimensional arrows 14.

As used herein and in the claims, the term “reservoir
formation’ means, in the broad sense, any subterranean
formation encased within an overburden 12 and an
under-burden 14 which contains a substance that with
the application of heat becomes sufficiently movable in
a hiquid state to enable the liquid to be removed from
reservoir formation 10. With respect to the recovery of
oil from reservoir formation 10, it is contemplated that
reservoir formation 10 could be a tar sand formation or
a shale o1l formation. In the preferred embodiment,
reservoir formation 10 is to be viewed as a conventional
oll reservoir formation and preferably one in which
steam injection and/or steam flooding has been used at
the site in an attempt to recover as much oil from reser-
voir formation 10 which was then economically feasi-
ble. In spent wells of this type, it is conservatively esti-
mated that at least fifty percent (50%) of the oil remains
in the reservoir formation. This is schematically illus-
trated in FIG. 1 by arbitrarily dividing reservoir forma-
tion 10 into an upper open formation indicated by di-
menstonal arrows 18 and a lower oil formation indi-
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cated by arrows 19. Thus, upper formation 18 1s repre-
sentative of a space within reservoir formation 10 which
was once occupied by oil which has now been pumped
from reservoir formation 10 while lower formation 19 1s

indicative of a space within the reservoir which can be

viewed as a mass of solidified sludge containing a heavy
viscous oil including oil trapped within rock formation
or sand, etc.

At the site, an injection well 20 and a production well
22 is provided and production well 22 is spaced some
distance away from injection well 20. Injection well 20
includes an injection bore 24 extending into reservoir
formation 10 and similarly, production well 22 includes
a production bore 25 extending into reservoir formation
10. Typically, the depth of bores 24, 25 penetrate
through most, if not all, of reservoir formation 10. As
thus far described, the system is conventional in that a
current site is described where steam was injected
through injection bore 24 to saturate reservoir forma-
tion 10 and in the process thereof to heat the oil in
reservoir formation 10, improve viscosity and thus per-
mit more or enhance the recovery of oil through pro-
duction well 22. The steam flooding or injection process
is continued until it becomes economically unfeasible.
That is, a barrel of oil recovered from reservoir forma-
tion 10 has a certain quantity of energy which can be
‘expressed in terms of total btu’s of heating value. When
the energy required, which again can be expressed in
terms of btu, to form and pump the steam into the reser-
voir begins to approach the btu’s or energy recovered,
the system becomes no longer feasible. For a recovery
system to be viable, the energy expended to the energy
recovered should be in the ratio of 1:4 or 1:3 or smaller.
Calculations indicate that such ratios are easily
achieved with the present invention.

The problem to which this invention 1s directed can
be defined by stating that the object is to arrive at a
system which directly applies the system heat to the oil
formation with minimal loss. Preventing the application
of heat is the fact that the only access to reservoir for-
mation 10 is through bores 24, 25 which typically are
about 8" in diameter and extend several thousand feet
beneath surface 11. Thus, as explained above in the
Background, steam as opposed to hot water is conven-
tionally preferred as the medium to inject into reservoir
formation 10. When the steam is injected from surface
11, it loses heat at it travels through injection bore 24.
To overcome that heat loss and to improve the heat
transfer effects of the system, it is known, as discussed
above, to place down hole heaters in the injection bore.
While this is an improvement, steam will condense
within reservoir formation 10 and in the process of
condensing give up sensible heat. From an economic
recovery point of view, however, steam flooding and
injection processes are limited by the formation of fin-
gers or channels in oil formation 19 produced during
the first injections of steam into reservoir formation 10.
~ As discussed at some length in the Background, the
channels or fingers which are formed provide paths of

least resistance and steam in the second and third injec- 60

tion attempts simply flow into these channels and con-
dense to water. However, since the oil has already been
exhausted from the fingers, further oil recovery is no
longer feasible.

In accordance with the present invention, water is
pumped down injection bore 24 until it completely fiils
the entire reservoir formation 10. Specifically, the
water completely fills upper formation 18 and further,
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the reservoir is under hydrostatic pressure, i.e. the
water column in bores 24, 25. The system is ideally
suited for deep wells for reasons which will become
apparent hereafter. At a mimimum the pressure on the
water must be such that the water occupies, fills or
plugs the steam channels formed 1n prior recovery
methods in lower formation 19. If the hydrostatic pres-
sure is insufficient to accomplish this, then an external
injection well pump 27 and/or a production well pump
28 is to be employed to generate sufficient pressure.
Thus, as a limiting factor, the pressure of the water in
reservoir formation 10 must be sufficient to plug the
steam fingers and overburden 12 and underburden 14
must have sufficient density, mass, or depth to sustain

the pressure. If reservoir formation 10 cannot be pres-

surized, the system will not work optimally. Less effi-
cient and slower heating can still take place.

Within injection bore 24 and at a predetermined posi-
tion within reservoir formation 10 i1s a radiant tube on
immersion heater 30. Radiant tube heater 30 may be
sized slightly less than bore diameter 24 to permit the
water column in injection bore 24 to remain in fluid
communication with reservoir formation 10. Alterna-
tively, reservoir formation 10 could be flooded from
another well which is not used in the system. Radiant
tube heater 30 is sealed from the water and simply trans-
fers heat to the water in upper formation 18 as well as
radiating heat to lower formation 19. Once reservoir
formation 10 is pressurized, radiant tube heater 30 1s
actuated and heat is conducted into reservoir formation
10 over a period of months (and depending upon reser-
voir formation, size, etc., a number of months), until the
entire reservoir formation 10, at least reservoir forma-
tion spanning the distance between injection well 20
and production well 22, is heated. As is well known,
heating of the oil remaining inside reservoir formation
10 decreases its viscosity and improves its mobility. The
effect of temperature on viscosity is:very strong. In
FIG. 4, taken from a reference, Thermal Recovery Meth-
ods by P. D. White, published Penwell Books, 1983,
Tulsa, OK, a viscosity of a 35 API crude is decreased by
a factor of 5 when increasing crude temperatures by as
little 140° F. This same temperature increase creates a
reduction in viscosity of a factor of 100 when heating a
15 API crude. Temperature, therefore, has a very pro-
nounced affect on liquid viscosity. As shown in FIG. 3,
the viscosity of any liquid is reduced by temperature
and can be reduced by as much as a factor of one million
(1,000,000). Thus, the charts shown i FIGS. 3 and 4
demonstrate that slight temperature increases signifi-
cantly decrease viscosity and that temperature increases
in the magnitude of several hundred degrees produce
tremendous drops (i.e. an exponential function) in vis-
cosity.

Temperature also has an affect on some other mate-
rial properties which are useful to the system disclosed.
Surface tensions of liquids decrease with temperature,
thermal conductivity of liquids decrease only very
moderately with temperature and thermal conductivity
of saturated porous rock increases both with the amount
of liquid absorbed and with temperature.

Generally speaking, the flow rate or velocity of crude
oil is proportional to the pressure on the crude in the
reservoir formation and inversely proportional to the
absolute viscosity. The flow of oil in the formation can
be reasonably described by an equation in the general
form:
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Mvel) =~ _Cleffect. permeability) . _dp(pressure change)
A(area centipoise{abs. viscosity) dx(distance change)

In this equation, the effective permeability is slightly
dependent on the temperature and the absolute viscos-
ity, for reasons discussed above, is strongly dependent
on the temperature Thus, one can expect that the flow
velocity of the crude can be accelerated tremendously.

That 1s, the higher one can increase the final liquid g

temperature the more pronounced the acceleration of
fluid flow would be. The final effect of temperature can
be as high as ten thousand (10,000) and close to one
million (1,000,000) in a reservoir with high hydrostatic
pressures which permits heating close to the critical
temperature of water.

In conjunction with the discussion of viscosity de-
crease by temperature increase, along with the corre-
sponding increase in fluid flow or mobility by slight
differential pressure is also the fact, as clearly shown by
steam tables, that as the pressure exerted on water in-
creases, the temperature at which steam forms also
increases until the critical point is reached. The critical
point of steam is at 705.47° F. and 3208.2 psia or 6,080
feet of water column. Further, the behavior of steam
and water is quite different above the critical point
when compared to the behavior of steam below this
point. The large amount of latent heat which is given off
upon condensation of steam to water does not exist
above the critical point. Water is converted into steam
with only a minor change in specific volume and only
the effect of the sensible heat can be used for heating the
reservoir. Thus, the pressurization of the water within
reservoir formation 10 functions not only to plug the
steam fingers, increase thermal conductivity to lower
formation 19, enhance movement of the crude by slight
differential pressure to production well 22, but also
permits reservoir formation 10 to be heated at relatively
high temperatures compared to prior art processes to
significantly enhance the viscosity decrease of the
crude. The correlation of these factors is the underpin-
ning of the system invention.

Thus, the temperature and pressure are relative terms
in a system sense and are interdependent. That is, for
any given pressure less than critical, i.e. 3,208.2 psia, the
temperature at which the reservoir is heated is limited
to that which will not produce steam. Once the pressure
exceeds critical, 1.e. the well i1s deeper than 6,080 feet,
sudden evaporation does not occur any longer. This is
the critical point temperature for steam, i.e. 705° F.
Maximum temperature in the reservoir is limited by the
desire to recover 0il and not a gas even though if the oil
was decomposed and a gas recovered (as occurs in the
In situ combustion process), the gas recovered would
have a heating value. The system is thus optimally
suited for deep wells where the hydrostatic pressure
exerted by the water exceeds the critical point for steam
condensation and steam injection becomes impossible.
Deep reservoirs can still be heated optionally by the
proposed method with the proposed heater. The system
will still function for shallow wells with only a hydro-
static head of 1,500 or so feet. In such instance, the
boiling point of water is still raised and from the graphs
discussed in FIGS. 3 and 4, a temperature rise of several
hundred degrees will still result in a significant reduc-
tion in crude viscosity to the point where the crude and
the water can freely move together so that recovery can
be had. Thus, for shallow wells where only a small
hydrostatic pressure is exerted on the reservoir forma-
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tion, the heat must be controlled not only by that sensed
in the lower formation 19 but also the temperature of
the water in upper formation 18 and depending on the
weight of the crude, the type of lower formation 19,
etc., the time of the process may be extended and/or full
recovery of the oil in reservoir formation 10 may be-
come economically unfeasible. Accordingly, it is possi-
ble to enhance production output from shallow wells,
1.e. wells from 1,500 to 5,000 feet, by externally pressur-
izing reservoir formation to a higher value than that
which would otherwise be produced by the hydrostatic
head pressure, thus increasing the boiling point of the
water, further lowering the viscosity, etc. In FIG. 1,
this is schematically illustrated by injection pump 27
and/or production pump 28. As noted above, should
this. additional step be taken, overburden 12 and also
underburden 14 must have sufficient density or mass to
withstand the additional pressure.

The next feature of the system is the slender, gas
fired, immersion or radiant tube heater 30 which is
lowered from ground level 11 into the flooded injection
reservoir formation 10. The outside diameter of radiant
tube heater 30 is slightly less than bore 24 so that water
can pass therearound for circulation and pressure devel-
oping purposes. The length of the heater is long. Opti-
mally, 1t 1s approximately the same length as the depth
of reservoir formation 10 although heater 30 could be as
little as 15 to 30 feet in length. After radiant tube heater
30 has been positioned at the formation level, it is ig-
nited and heating of the flooded reservoir formation 10
can begin. It will be appreciated that conductive heat
flux as schematically illustrated by lines 35 will pene-
trate formation 10 and as a function of time will develop
isotherms or heat patterns schematically illustrated by
dash lines 36, 37, 38 and 39. Isotherms 36-39 will propa-
gate uniformly in all directions. As a point of reference,
if radiant heat tube 30 were a point source, the iso-
therms or heat paths would assume a spherical configu-
ration. While in theory, the system of the present inven-
tion can function with a point source heater, its effi-
ciency is materially enhanced by using a cylindrical
heater of long length which would generate more or
less straight line portions of the heat path or isotherms
such as shown at 39 which corresponds to the length of
heater 30 and which has the effect of flattening the
1sotherms into somewhat the shape of a truncated el-
lipse to minimize excessive heating of overburden 12
and underburden 14. It should also be appreciated that
for heater lengths of the type which are preferably used
in the system of the present invention and apart from
energy/cost considerations, it becomes physically diffi-
cult if not impossible to construct electric heating ele-
ments which can uniformly generate the large heat
fluxes along lengths under discussion within the con-
fines of a bore or well casing having a dimension of 8”.
Thus, while an electric heating arrangement could func-
tion to generate a heat pattern within the broad concept
of the overall system, the efficiency and the heating
time of the reservoir formation could adversely affect
the economies of the recovery.

Technically, isotherms 36-39 shown in FIG. 1 are
schematically correct for oil shale and tar sand forma-
tions where a separate top layer of water 18, if it exists,
occupies a relatively insignificant volume of reservoir
formation 10. In such applications, the water would be
functioning in the system in the sense of a pressuriza-
tion-fluid flow medium whereas in the spent well forma-
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tion of the preferred embodiment, the water 1s addition-
ally acting as a heat transfer medium. In the spent well
formation shown in FIG. 1, the lower portion 19 of
reservoir formation 10 will be heated not only by the

lower portion of isotherms 36-39 corresponding to

lower portion 19 but also by heat from the water in
upper reservoir portion 18 penetrating downwardly
into lower portion 19. That is, the water in upper forma-
tion 18 will heat slower than the heavier crude sludge in
lower formation 19 and that heat, in turn, will hkewise
heat oil in lower formation 19. However, the isotherms
in upper formation 18 can occur quicker than those in
lower formation 19 when water begins moving. To
enhance heating of lower formation 19 by the water
within formation 10, it is possible to cause movement of
the water from injection well 20 to production well 22
by maintaining differential pressures vis-a-vis pumps 27,
28 or it is possible to simply cycle water flow back and
forth between production well 22 and injection well 20
prior to recovering the crude by simply cycling pump
27, 28. |

Radiant tube heater 30 continues to heat reservoir
formation 10 until the entire formation has been raised
to a temperature whereat the crude and the water can
freely move together. Again, this is a relative statement
dependent upon the characteristics of the particular
reservoir formation and the type of crude contained
therein and recognizes that production well 22 may be
placed in operation prior to the complete reservoir
formation 10 being brought to a uniform temperature.
Preferably, production does not begin until the entire
formation has been elevated to a preferred temperature.
During heating, the system is controlled by thermal
couples 40 placed around the heater at various depths.
When the temperature sensed at lower formation ther-
mal couples 40 and 41 reaches a value whereat gas can
be produced from the crude or, if hydrostatic pressure
in reservoir formation 10 is less than critical when the
temperature sensed by heater thermal couple 41 will
produce gas or steam, the fuel fired burner in radiant
tube heater 30 is turned down. Based on thermocouple
data a mathematical model predicts temperatures in the
formation. Once the temperature of reservoir formation
10 has been raised to a value whereat the water and
crude can flow together, production well 22 1s actuated
in accordance with any conventional mechanisms to
recover the oil. This can be done by maintaining differ-
ential pressures between production well 22 and injec-
tion well 20 so that a “natural flow” can result, or
sucker rod type pumps actuated mechanically or hy-
draulically can be used, or hydraulic subterfuge pumps
or centrifugal well pumps can be employed. If the crude
is significantly heavier than the water, compressed air
can be forced down the production well casing such as
used in the mining of liquid sulphur and disclosed for
example in Williams et al U.S. Pat. No. 4,157,847.

It is to be appreciated that the heating times to raise
the reservoir formation temperature limits at which
crude recovery can begin are measured in terms of
months. However, the system has been inherently con-
ceived to reduce the months to a number whereat the
process is economically attractive. Heretofore, if the
general concept of an in situ heating of the total reser-
voir formation was discussed, it was discarded simply as
being economically unfeasible or physically impossible
to achieve. Fundamentally, however, such an in situ
system depends essentially on three parameters: 1) the
thermal conductivity of the medium within reservoir
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formation 10; ii) the maximum allowable temperature;
and iii) the distance from the heater to the production
well. As shown herein, by injecting water and flooding
the reservoir, the conductivity has been increased to the
maximum. The maximum allowable temperature close
to the heater depends mainly on the characteristics of
the oil. By preventing decomposition or polymerization
of the oil, one will prevent gas formation and deposits.
If the area around the injection well has been cleaned by
another recovery technique, then only water or brine
will contact the heater. The maximum heater and fluid
temperature will then be governed by the highest allow-
able hydrostatic pressure in the formation. If these pres-
sures can be kept at elevated levels then rather high

‘water temperatures can be achieved and the tempera-

ture gradient within the fluid filled formation can be
increased. High thermal conductivities and high tem-
perature gradients are the two measures which wiil
accelerate heating of the liquids. This is the basic system
concept. Optimization of the system or enhanced use of
the heat produced in the system occurs by making radi-
ant heat tube 30 long to produce the preferred 1sotherm
configuration. Further enhancement occurs by moving
the water during heating. A still further enhancement of
the process is possible by the addition of chemicals to
the water to lower interfacial tension and displace oil or
to dissolve reservoir oil. The chemicals are more fully
discussed in H. K. Van Poolen’s Enhanced Oil Recovery,
and include the chemicals used in surfactant-polymer
injection, caustic or alkaline flooding, miscible hydro-
carbon displacement and carbon dioxide injection. The
latter could be introduced from the flue gases leaving
fuel fired heater 30. -

As noted, one of the fundamental factors affecting the
recovery benefits of the system is the distance between
injection well 20 and production well 22. That spacing
is a matter of design optimization. However, because
isotherms 36-39 are uniformly propagating from injec-
tion well 20, the system is ideally suited for recovery of
the oil within the entire field in one heat cycle. This is
diagrammatically illustrated in FIG. 2 where a previ-
ously drilled oil field bonded by the hexagonal dotted
line 45 is modified in such a way as to recover the total
oil from the field. Within field 48, production wells are
designated by reference numeral 47 and injection wells
with radiant heater tubes 30 inserted therein are desig-
nated by reference numeral 48 while unused existing
injection wells are designated by reference numeral 49.
In the array disclosed in FIG. 2, each production well
48 is basically situated within a triangular area 50
bounded by radiant heater injection wells 48. In this
pattern, any particular radiant injection well 48 such as
48q will transfer heat simultaneously to three adjacent
production wells 47. It can be demonstrated from heat
transfer calculations that the basic configuration de-
fined by the placement of in situ heaters will either be
triangular or rectangular (square) for optimum heat
utilization purposes. As applied to this invention for
optimal results, injection wells 48 will be arranged in a
triangular pattern 50 as shown with the production well
at the center thereof or in a rectangular pattern (not
shown) with the production well centered therein so
that each radiant heater injection well 48 will simulta-
neously heat four production wells. It is to be appreci-
ated, then, that the economies of recovering the oil
when applied on a total reservoir formation basis using
the system of the present invention can be reduced by
factors of } (triangle) or } (rectangle) over that which
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would otherwise occur if the system were simply ap-
plied to one injection well 20 heating one production
well 22.

As indicated above, a recovery system is viewed as
economically feasible when the energy expended to the
energy recovered can achieve ratios of at least 1 to 3 or
1 to 4. Calculations indicate a much more favorable
return with the present system. Assuming that a deep
well application exists where the water can be hydro-
statically pressurized to the critical pressure, 1.e. 3060
psia, in a formation containing only 40% oil context, a
temperature of 500° F. will reduce the viscosity of the
oil in lower formation 19 to a value whereat the oil will
freely flow with the water. Calculations indicate that
the formation can be heated to this temperature at an
expenditure of 85 to 170 Btu/lb of formation. A barrel
of oil contains approximately 6,000,000 Btu’s of energy
of 18,000 Btu per 1b. of oil. Since the formation contains
only 40% oil, each 1b. of formation which must be
heated contains 7,200 Btu’s of energy. Thus, the ratios
of heat expended to heat recovered is 85-170 Btu/1b of
heat in to 7,200 Btu’s per lb. of formation out or 1.2 to
2.4%. Now, as noted by the isotherms discussed in FIG.
1, the transferred heat will also heat overburden 12 and
underburden 14 and i1t can be assumed that the heat used
for heating can be 3 to 5 times the number calculated so
that 7.2% to 12% of the heat content of the oil recov-
ered 1s realistically expended. Thus, it can be assumed,
allowing for other factors such as burner efficiency, that
the system disclosed will use anywhere from 400,000 to
800,000 Btu/barrel of oil recovered. This 1s extremely
favorable when compared to the energy expenditures of
present day systems.

RADIANT TUBE HEATER

The principles of the radiant fuel fired tube heater 30
of the present invention are schematically illustrated in
FIGS. §, 6, 6a and 7. Radiant heater tube 30 is ideally
suited for the system of the present invention because it
can be constructed as a long length small cylindrical
member which can fit within the diameter of an injec-
tion bore and it 1s designed, as explained hereafter, to
generate a uniform radiant heat flux substantially along
its Iength. Importantly, very high heat transfer values
heretofore not possible in fuel fired burner arrange-
ments are possible also permitting high temperature
applications in excess of 2500° F. Thus, radiant tube
heater 30 can be applied to many industrial applications
other than oil recovery such as might be encountered in
certain heat treat processes or in metal melting pro-
cesses.

As best illustrated in FIGS. § and 6, radiant tube
heater 30 includes a cylindrical heat tube 60, a cylindri-
cal heat transfer tube 61 concentrically disposed within
heat tube 60 and a cylindrical burner tube 62 concentri-
cally disposed within burner tube 62 and all tubes 60, 61,
62 are centered about centerline 65. An axial end plate
67 closes one axial end of all tubes 60, 61 and 62. A
burner mounting plate 68 closes the opposite axial ends
of heat transfer tube 61 and burner tube 62. As thus far
defined, heat tube 60 and heat transfer tube 61 define a
longitudinally-extending annular exhaust gas passage-
way 70 therebetween. Exhaust gas passageway 70 is
closed at one end by end plate 67 and open at its oppo-
site end for exhausting products of combustion. Heat
transfer tube 61 and burner tube 62 define a longitudi-
nally-extending, small annular heat transfer passageway
72 therebetween. As best shown in FIG. 6, heat transfer
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passageway 72 is closed at its axial ends by axial end
plate 67 and burner mounting plate 68. Also, burner
tube 62 is closed by axial end plate 67 and burner
mounting plate 68 to define a closed cylindrical passage

73.
Mounted to burner mounting plate 68 and centered

on centerline 65 is a conventional fuel fired burner 75.
Any small diameter industrial fuel fired burner available

from sources such as Maxon, Eclipse, North American,

etc. with acceptable turndown ratios, 1.e. 6:1 or 8:1, are
acceptable. Burner 75 conventionally operates by mix-
ing combustion air furnished to the burner through an
air line 76 with a combustible gas furnished to the
burner through a gas line 77 in a preferred combustible
proportion, igniting the same and combusting the mix-
ture to produce products of combustion schematically

‘illustrated by flame front 79 in FIG. 6 within cylindrical

passage 73. Conventional controls (not shown) are used
to regulate the proportions of fuel and air, i.e. turndown
ratio, to vary the heat output from burner 75. When
used in the o1l recovery system of the present invention,
orifices (not shown) may be provided in air line 76 and
gas line 77 to insure the injection of air and gas into
burner 75 at the appropriate operating pressures.
Within burner tube 62, there is provided a plurality of
apertures designated by the letter “A” in FIGS. §, 6 and
7. Extending through heat transfer tube 61 there is pro-
vided a plurality of openings designated by the letter
“O” in FIGS. §, 6 and 7. The size and number of aper-
tures “A’ and openings “O” are predetermined, but for
purposes of the preferred embodiment they can be
viewed as circular openings of diameter equal to the
thickness of the tubes through which they extend and
are of constant size (although size could be varied) and
of somewhat equal number so that the total number of
openings “O” are the same size as and approximately
equal to the same number of apertures “A”. Openings
“O” and apertures “A’ are positioned relative to one
another in a predetermined manner to define relatively
long flow paths. That is, the openings “O” and aper-
tures “A” as shown in FIG. § are drilled through the
tubes at equally spaced circumferential increments such
that an aperture is circumferentially drilled approxi-
mately midway between two adjacent openings “O”
and visa-versa. In the longitudinal direction as shown in
FI1G. 6, apertures “A” are drilled in increasingly spaced
increments (1.e. designated as A, Aj, Aj-A,) from axial
end plate 67 to burner plate 68. Similarly, openings “O”
are longitudinally spaced to extend an increasing longi-
tudinal distances (from O, O3, 03,-O,) from axial end
plate 67 to burner mounting plate 68. Additionally,
apertures “A” are longitudinally spaced to bisect the
longitudinal spacing between adjacent openings “O”
and visa-versa. Generally speaking, the area within
burner tube 62 comprised of apertures “A’ and the area
within heat transfer tube 61 comprised of openings “O”
iIs greatest at distances furthest removed from burner 75
and the opening area progressively decreases along tube
lengths in the direction of burner 75. In addition, the
spacing between apertures “A” and openings “O” are
offset both in a radial and longitudinal direction from
one another to establish flow paths within heat transfer
passageway 72 which are relatively long in length.
Conventional fuel fired industrial radiant heat tubes
can be basically viewed as a burner positioned at one
end of a tube and the burner fires its products of com-
bustion into the tube at one end thereof and recovers the
exhausted products of combustion from the opposite
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end thereof. The products of combustion heat the tube
and the tube, in turn, radiates the heat to the work.
While there are many variations on the concept and a
multitude of burner designs which position or control
the combustion process, inherently the tube will be
heated intensely at the point where combustion occurs
and less intensely thereafter. While the surface tempera-
ture measured at any point along the tube length for
conventional radiant tube fuel fired designs may be
somewhat uniform, the heat flux or the intensity of the
heat generated along the length of the tube is a factor
raised to the fourth power of the temperature differen-
tial and varies dramatically. Accordingly, radiant heat
tube 30 will likewise generate a similar hot spot, 1.e. the
adiabatic temperature of the flame front, which will be
transferred by radiation and convection to burner tube
72 at high values relatively close to burner 75 and
which will diminish as the products of combustion from
burner 75 travel towards axial end plate 67.

In accordance with the invention, because axial end
plate 67 and burner plate 68 block the flow of products
of combustion emanating from burner 78, the products
of combustion are forced through apertures “A” into
heat transfer passageway 72 and from heat transfer
passageway 72 through openings 61 into exhaust pas-
sageway 70 from which the exhaust gases exit. The
diametrical distance of heat transfer passageway 72 is
maintained very small such that (correlated to the size
and spacing of apertures “A” and openings “O”’) only
the velocity of the products of combustion within heat
transfer passageway is at a Reynolds number whereat
only laminar flow exists. It can be shown that at a very
close spacing between plates, a laminar flow therebe-
tween will exhibit a higher convective heat transfer
coefficient than that produced by turbulent flow.

Thus, burner 75 will heat burner tube 62 in a manner
which will vary as a gradient along the iength of burner
tube 62. Burner tube 62 in tube will radiate the heat as
a gradient to heat transfer tube 61 which in turn will
similarly radiate the heat to beat tube 60. If nothing
more was considered, heat tube 60 would have the same
temperature gradient as burner tube 62. However, heat
transfer tube 61 is also being heated, and very effec-
tively so, by the laminar flow of the products of com-
bustion in heat transfer passageway 72 and this flow,
because of the sizing of openings “O” and apertures
“A’ is establishing a convective heat transfer gradient
along the length of heat transfer tube 61 which 1s oppo-
site to that of the temperature gradient on burner tube
62. The heat thus radiated to heat tube 60 from heat
transfer tube 61 is uniform. Further, this radiated heat
vis-a-vis the laminar flow convective heat transfer is
boosted or additive so that the “hot spot” is uniformly
transmitted along the length of the tube thus making
radiant heat burner 30 ideal for high temperature or
high heat transfer applications.

When used in the oil recovery system of the present
invention, the diameter of heat tube 60 is slightly less
than the diameter of bore casing 22 to permit water
pressurization. The length of heat transfer tube 61 and
burner tube 62 is sized to the desired length of the
heater, i.e. 30-60 feet, and burner tube is sized to a
somgwhat longer length and surrounds combustion air
line 76 and gas line 77 which is insulated. Heat tube 60
is then secured to appropriate casings (not shown)
which allow it to be inserted into injection bore 22 a
desired distance. The products of combustion exhausted
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sageway 70 can be utilized to preheat combustion air in
air line 76. |

An alternative and more detailed explanation of radi-
ant heat tube 30 is as follows:

One of the most difficult performance specifications
in radiant tube technology is the demand for tube sur-
faces with high degrees of temperature uniformities and
flux uniformities. Uniformity means that radiant ele-
ment temperatures are preferably better than 4/— 50
F. and flux densities are, at a 2000 F. radiator tempera-
ture, better than 4/~ 5000 Btu/hr-sqft. This unifor-
mity specification is so important because it will signifi-
cantly impact maximum heat output from a radiant tube
when operating close to the maximum allowable alloy
tube temperature. It will also determine temperature
uniformity of the heated load and, therefore, has prod-
uct quality and productivity implications in all high
temperature heating and heat treating processes.

Productivity is further impacted by the maximum
heat fluxes which can be realized by radiant tube de-
vices. Maximum heat fluxes are normally limited by
either the maximum allowable alloy temperature (hot
spot) which typically forms close to the burner device
or by the maximum convective heat transfer fluxes
which can be generated within the tube and along its
entire surface. Typically, heat fluxes peak somewhere
downstream but in close vicinity of the burner. At this
location the flame gases are still the hottest (close to the
adiabatic flame temperature) and the convective bound-
ary layer is still thin resulting in high convective heat
transfer coefficients. As the gases flow downstream
inside the tube they are being cooled and the convective
coefficient decreases. The effect of these variables on
the heat flux is multiplicative.

Heat fluxes along the length of the radiant tube de-
crease rapidly. However, because the radiative fluxes
on the outside of the tube decrease with the fourth
power of the absolute temperature the temperature
decay along the tube is normally thought to be accept-
able. A decrease in temperature of 200 F. along the
radiant tube is often advertised as acceptable. However,
while this decrease in temperature from 2000 F. to 1800
F. represents only an eight (8) percent decrease in abso-
lute temperature it represents a thirty (30) percent de-
crease in radiant heat flux. For certain manufacturing
and processing operations this. significant decrease in
radiant flux cannot be tolerated.

Many efforts have been made to improve the heat
flux distribution along such fuel fired devices and to
better complete with electrically heated resistance ele-
ments. The much lower energy costs of fuel firing make
fuel fired devices economically attractive. It i1s also
easier to transport large amounts of energy in the form
of natural gas rather than in the form of electricity at
lower line voltages.

The device illustrated herein has been developed to
create very uniform flux distributions along long and
slender tubes as they are being used in many low tem-
perature applications where very uniform fluxes are
required as for instance in drying of paint, annealing of
glass and aluminum, heating of temperature sensitive
liquids, and 1n heating of underground petroleum bear-
ing formations and reservoirs. By reversing the flow
direction of the flue gases from the outside to the inside
of two concentric tubes this invention can also be uti-
lized to heat the walls of melting pots with very high
heat fluxes. These high heat fluxes are essential in melt-
ing of metals like aluminum, brass, copper, grey iron,
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and steel because metal oxidation can be kept to a mini-
- mum and productivity and turn-around time can be
improved. Fuel fired heaters of such design can sud-
denly compete with electric designs which use high
heat flux resistance heating elements or which use high
heat flux induction heating approaches.

The invention consists of three axisymmetric, parallel
tubes which are spaced from each other in distance
which are of vital importance for the performance of

the developed device. Combusted flame products are 10

discharged by one of the conventional burner devices
into the innermost tube which has the burner on one of
its ends and which is closed on its other end. The spac-
ing between the innermost and intermediate tube is kept
very close for reasons which will be further explained in
detail. Both these tubes have holes or apertures which
are relatively small, are of similar size, and are spaced
such that they form a pattern which creates long dis-
tances between the holes on the inner tube and those on
the intermediate tube.

The hot flue gases enter the holes of the inner tube
and seek their way to the distantly placed holes of the
intermediary tube where they exit into the annulus
which ts formed between the outermost tube and the
intermediate tube. The space between the outer and the
intermediate tube is typically much larger than the
space between the inner and the intermediate tube. A
factor of 8 to 16 is characteristic for tubes of intermedi-
ate length of 30 feet.

The flue gases are partially cooled after they leave
the intermediate tube but they need to be transported to
the exhaust end of the radiant tube apparatus which is
on the same side as the burner end. While the gases are
being transported back to the exhaust they are convec-
tively heating the outer and the intermediate tube.
Based on the longitudinal and radial tube dimensions
and based on performance parameters the hole spacing
1n the inner and intermediary tube will be graduated to
counteract these secondary influences which prevent
perfect flux uniformity from being obtained.

By properly sizing and spacing these holes it becomes
possible to obtain rather uniform heat fluxes along the
radiant tube device. For instance when designing a tube
with a heat flux requirement of 6000 Btu/hr-sgft and
with a total net heat output of 240,000 Btu/hr over 20
feet of length one has to provide for a burner of about
300,000 Btu/hr. This burner will exhaust about 6000
SCFH which in turn must pass through the holes in
both the inner and the intermediary tube. With a radia-
tion area of 40 square feet the diameter of the outer tube
is about 8 inches and the intermediary tube diameter is
about 6 inches. The compiete exhaust gas flow must be
divided uniformly over the entire area which results in
6000 scfh/30 sqft or 200 SCFH/sqft. For a hole velocity
of 1000 SFPM this results in a hole area of
200/(60*1000)=0.00333 sft/sqft or 0.48 sqin/sqft. With
a § inch hole diameter one has to arrange 40 holes per
square foot of radiating area. This in turn means that
there 1s one hole for every 144/40-3.6 square inches or
one hole for every square with a side length of 1.9
inches.

Obviously, the spacing of the holes can be varied. But
it becomes impractical making the holes too small. One
also does not want to space the holes too far apart be-
cause one will create larger pressure drops without
attendant increase in heat transfer. For the narrow spac-
ing between the inner and the intermediate tube of
about 3 inch, the Reynolds number is about Re-0.01
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ft*100 ft/s/(0.3 sqft/s)=3.3. At these Reynolds num-
bers the flow of flue gases i1s entirely laminar. Accord-
ingly, one can arrive at the heat convective transfer
coefficient from an equation like N,=constant=4. The
heat transfer coefficient can then be computed for a
2000° F. hot flue gas as h,=4*k/d =4%*0.047/0.01 =18.8
Btu/hr-sqft-"F. This coefficient is approximately 3 to 5
times higher than the comparable one which one can
establish in parallel flow configurations. The developed
flow pattern provides above all a high flux uniformity
combined with very high eat fluxes. For a typical adia-
batic flame temperature of 3250° F. and with the lami-
nar convective heat transfer coefficient of 1808 Btu/hr-
sqft-"F. one can accomplish heat fluxes in the order of
25,000 Btu/hr-sqft. This heat flux is larger by a factor of
3 to 6 when compared to the heat fluxes one can typi-
cally maintain in other flow arrangements which are
based on parallel flow in an annulus. This arrangement
furthermore produces a very high degree of tempera-
ture uniformity and is, therefore superior to previous
designs. Most importantly, this design permits one to
independently vary heat flux density and heat ex-
changer temperature.

To be successful in heating of underground forma-
tions one has to insure that the outer heater temperature
does not exceed safe operating temperatures at which
the petroleum products would begin to decompose and
form coke or other deposits. This temperature depends
on the specific composttion in each reservoir. Irrespec-
tively, one wants, however, also to establish a suffi-
ciently high heat flux. The developed design allows one
to design a long and slender heater surface which is fuel
fired and which can be be designed for a particular heat
flux without resorting to large overtemperatures. Espe-
cially with the high heat fluxes which can be accom-
plished on the liquid side temperatures and temperature
differentials can be tightly controlled. With the devel-
oped design 1t i1s entirely feasible to build fuel fired
down hole heaters which are capable of generating
uniform heat fluxes over a very wide operating range
and over large heat exchange areas.

The same basic heat transfer configuration can also be
applied for very high heat flux applications as they are
preferable in melting of metals. In these applications
heat fluxes in excess of 25,000 Btu/hr-sqft can be gener-
ated which are well in excess of many electric resistance
heaters.

The developed heat transfer arrangement has, there-
fore, many applications where it can contribute to en-
ergy savings, product quality improvement and to pro-
ductivity increases in many thermal heating, melting
and heat treatment processes.

The tnvention has been described with reference to
preferred and alternative embodiments. It is apparent
that many modifications and alterations may be incor-
porated into the system, process and apparatus dis-
closed without departing from the spirit or the essence
of the invention. For example, it should be clear that as
applied to shale oil deposits where an upper water de-
posit may not exist within the shale formation, an in situ
heat application of the type disclosed in and of itself,
will be sufficient to mobilize the oil or kerogen within
the shale and differential pressure which need not be
water and which could be gravity or the heated flue
products from the fuel fired burner could be injected .
iInto the shale formation to move the mobile heated
water to a production well. It is my intention to include
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all such modifications and alterations insofar as they
come within the scope of the present invention.

It 1s thus the essence of my invention to provide an in
situ oil recovery system which is made possible by
unique thermal recovery technigues including a fuel
fired radiant tube heater.

Having thus defined my invention, I claim:

1. An in situ method for recovering oil from a reser-
voir formation comprising the steps of:

i) providing a conventional production well bore
extending into said reservoir formation for extract-
ing oil therefrom;

11) providing a conventional injection well bore ex-
tending into said reservoir formation;

1) filling said reservoir formation with water such
that the pressure of said water, static or otherwise,
pressurizes said reservoir formation at a predeter-
mined pressure;

1v) providing a heater of the type which radiates heat
along its length, said heater having a predeter-
mined length and inserting said heater into said
injection bore to a position whereat said heater is
adjacent said reservoir formation;

v) heating said reservoir formation including said
water from heat generated along the entire length
of said heater within said reservoir to a predeter-
mined temperature whereat said water and said oil
within said formation will not produce vaporized
gases; |

v1) controlling said heat produced in said heating step
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so that the vaporized gases are not produced and

the viscosity of said oil contained between said
injection and production well bores in said reser-
voir formation 1s reduced to a viscosity such that
said oil may be caused to move fluidly together
with said heated water: and

vii) recovering said oil from said production well

bore.

2. The method of claim 1 wherein said pressure is at
least equal to the critical point of steam and the heat
output from said burner is controlled to a temperature
whereat that position of said reservoir formation which
does not contain water is heated to a temperature which
does not exceed that temperature whereat said oil de-
composes.

3. The method of claim 1 wherein said reservoir for-
mation is heated without controlling the heat as re-
quired in step (vi) while continuing said heating until
the oil viscosity is reduced to a viscosity whereat said
o1l moves fluidly with said water when the pressure of
said water in said reservoir 1s in excess of 3208.2 psia.

4. The method of claim 1 wherein said heater tube
includes a fuel fired burner within a long cylindrical
tube, said heater producing radiant heat uniformly
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about the outside diameter of said tube throughout its
length to produce a high btu input to said reservoir.

5. The method of claim 1 wherein said temperature of
said water in said reservoir is monitored at various loca-
tions in said injection bore and in said production bore
and the heat flux generated by said heater is regulated at
a value which is slightly less than that value which
would generate steam in said water in said formation at
said predetermined pressure.

6. The method of claim 4 wherein said heater tube has
a length of at least 30 feet and the heat flux from said
heater 1s transferred substantially uniformly from said
tube along its length, said heater producing its heat from
a fuel fired burner within said heater tube.

7. The method of claim 1 wherein said heater heats
said reservoir with a controlled heat flux.

8. The method of claim 1 further including the step of
adding to said water a surfactant and/or a polymer
mobility buffer.

9. The method of claim 1 further including the step of
continuing said heating until said formation adjacent
said production bore has been heated from said injec-
tion bore heater to a temperature whereat the viscosity
of said oil in said formation at said production bore has
been sufficiently reduced to allow flow toward said
production bore by creating a differential pressure be-
tween said injection bore and said production bore.

10. The method of claim 1 wherein a plurality of
injection bores spaced from and generally circumscrib-
ing said production bore are provided and a heater is
positioned in each injection bore.

11. The method of claim 1 wherein a portion of said
oil in said formation has previously been recovered by
steam recovery processes, said steam recovery pro-
cesses producing steam channels in said formation and
said water having been injected to a pressure which fills
said channels.

12. The method of claim 1 wherein the conductivity
of heat from said injection well to said production well
1s enhanced by causing movement of liquid in said reser-
voir formation from said injection well to said produc-
tion well. -

13. The method of claim 12 wherein said movement is
caused by effecting a differential pressure between said
injection well and said production well after an initial
heating period.

14. The method of claim 13 wherein the direction of
said movement of said liquid is cycled between said
injection well and said production well.

15. The method of claim 1 wherein said reservoir
formation includes tar sand formations and oil shale
formations.

16. The method of claim 1 further including the step
of positively pressurizing said formation to said prede-
termined pressure by pumps at said injection well bore

and said production well bore.
* % %x % %



	Front Page
	Drawings
	Specification
	Claims

